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In the present work we apply a quantum hadrodynami eetive model in the mean-eld approx-
imation to the desription of neutron stars. We onsider an adjustable derivative-oupling model
and study the parameter inuene on the dynamis of the system by analyzing the full range of
values they an take. We establish a set of parameters whih dene a spei model that is able
to desribe phenomenologial properties suh as the eetive nuleon mass at saturation as well as
global stati properties of neutron stars (mass and radius). If one uses observational data to x
the maximum mass for neutron stars by a spei model, we are able to predit the ompression
modulus of nulear matter K = 257, 2MeV .
PACS numbers:
I. INTRODUCTION
Eetive theories that implement hadroni dynamis
are onsidered the most eient way to desribe innite
nulear matter beause they allow to work in a spei
energy sale while ignoring other degrees of freedom of
the system. In the present work nulear matter is onsid-
ered at low temperature and low hemial potential, thus
the relevant degrees of freedom are hadrons. Typially
two pathways are explored to get insight in hadroni mat-
ter properties, on the one side at high temperatures and
low densities, heavy ion ollisions, on the other hand ex-
ploring neutron stars at low temperatures and extreme
densities [1℄. With the inrease of temperature in the
rst ase, or density in the seond, the quarks deonne
and hiral symmetry is eetively restored. Although
this feature an be relevant for the study of neutron star
matter, the existing models able to desribe it [2, 3, 4℄ are
very omplex and do not allow a straightforward analysis
of more omplex funtional dependene of the ouplings,
that is exatly the intention of this work. In this artile
we present a generalized model theory for hadron dynam-
is in a nulear matter environment, supposed to exist in
neutron stars, and disuss the density dependent nulear
matter ompressibility and its response to the parame-
ters of the theory. In an initial step the model theory
is alibrated for densities where from the experimental
point of view phenomenology is well under ontrol. In a
seond step, the undetermined parameters are partially
xed by a symmetry sheme or varied freely. The prini-
pal feature of our model theory is that it unites proper-
ties of a variety of approahes known in the literature ([5℄
and referenes therein) at the ost of additional parame-
ters. Nevertheless, as the following disussion will show,
only a straight range for those parameters is physially
∗
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meaningful, so that the inrease of degrees of freedom is
onsiderably redued by phenomenology.
Further we make prot from the fat that small varia-
tions in the parameters reate onsiderable dierenes in
the results. For example a hange in the binding energy
of nulear matter of 0.25MeV implies a derease by 0.5
solar masses for the maximum mass as predited by a
model for a spei family of neutron stars as shown in
more detail below. For that reason a preise knowledge
of input parameters is ruial in order to make predi-
tions relevant for observation. In the present work the
input parameters are: the binding energy and the asym-
metry oeient of nulear matter, the eetive mass of
the baryons and the ompression modulus at the nulear
matter saturation point. The ompression modulus may
be understood as a measure for the diulty to remove
the system from equilibrium or for the anity to return
to equilibrium.
Until now, ompressibility is one of the parameters de-
termined with major unertainty. One of the goals of
the present work is to show the inuene of the onset of
hyperon presene and how this might be useful in pin-
ning down the unertainty in the ompression modulus
using observational evidenes. To this end we alulate
the ompressibility for a large range of densities inluding
the usually determined value at saturation density.
II. THE MODEL
The basis for our alulations is a Quantum Hadro-
dynamis motivated model inluding beside the nuleons
also the hyperons whih dene the baryon otet (p, n,
Λ, Σ+, Σ0, Σ−, Ξ0 and Ξ−). The nulear medium eet
is taken into aount by a non-linear oupling involving
the sigma eld with adjustable parameters λ, β and γ,
whih tune the intensity of the meson baryon ouplings
(for details see [5, 6℄). The onsidered mesons are the
usual salar σ and the isosalar vetor meson ω but also
2the isovetor vetor meson ρ. Additionally the lepton
degrees of freedom (e and µ) establish or omplement
harge neutrality, depending on the density. The La-
grangian density reads:
LT =
∑
B
ψ¯B[γµ(i∂
µ
− g∗ωBω
µ
−
1
2
g∗ρBτ.ρ
µ)
−(MB − g
∗
σBσ)]ψB +
∑
ℓ
ψ¯ℓ(iγµ∂
µ
−mℓ)ψℓ
+
1
2
(∂µσ∂
µσ −m2σσ
2)−
1
4
ωµνω
µν +
1
2
m2ωωµω
µ
−
1
4
ρµνρ
µν +
1
2
m2ρρµρ
µ, (1)
where the index B denotes a spei baryoni speies and
the index ℓ a spei leptoni speies. Here the adjustable
oupling strengths are related with the usual oupling
onstants through
g∗σB ≡ χ
∗
λBgσB ,
g∗ωB ≡ χ
∗
βBgωB,
g∗ρB ≡ χ
∗
γBgρB , (2)
and the adjustable oeients χ∗iB that drive the dynam-
ial inuene of the hadroni medium are
χ∗iB ≡
(
1 +
gσσ
iMB
)−i
, (3)
for i = λ, β or γ (see eq. 2). These parameters are
onstrained in order to reprodue phenomenology, in the
present ase an eetive mass at saturation between 0.7
and 0.8 nuleon masses and a ompression modulus be-
tween 200MeV and 300MeV . The oupling onstants
gσN , gωN and gρN of the nuleons are hosen in a way to
have zero pressure and a determined energy at satura-
tion (alulated assuming a binding energy of −16MeV
and a density of 0.17fm−3 at saturation and a bare nu-
leon mass of 939MeV ) and to reprodue an asymmetry
oeient of 32.5MeV . Sine no stringent experimental
onrmation with respet to meson hyperon ouplings
is available and also possible nulear medium eets on
that ouplings are an open question, one way to redue
these ambiguities is to use the SU(6) avor spin symme-
try sheme as in ref. [7℄ as a guide.
gσΣ = 2/3gσN gσΞ = 1/3gσN gσΛ = 2/3gσN
gωΣ = 2/3gωN gωΞ = 1/3gωN gωΛ = 2/3gωN
gρΣ = 2gρN gρΞ = gρN gρΛ = 0.
(4)
As already indiated before, one advantage of our
model is that it is general in the sense, that ertain
hoies of parameters λ, β, γ, permit to reover the prini-
pal models ited in the literature. For λ = β = γ = 0 the
Waleka model [8℄ is reprodued, for λ = 1 and β = γ = 0
the ZM1 model [9℄ is reovered, for λ = β = γ = 1 the
ZM3 model [9℄ results and λ = β = γ →∞ desribes the
exponential model [10℄. Beside the possibility to reate
models using intermediate values of the parameters, we
an group the parameters aording to the ombinations
in whih they are being varied:
1. λ varies with β = γ = 0,
2. λ varies with λ = β = γ,
3. λ, β and γ vary independently.
For the rst oupling sheme we nd aeptable values
for the eetive mass and the ompression modulus at
saturation for 0.06 < λ < 0.19. For the oupling sheme
2 there are no aeptable values, whih shows that the
sigma eld inuene on the vetor mesons is not univer-
sal. For the last oupling sheme there are aeptable
values for 0.00 < λ < 20.22 and 0.00 < β < 1.35, where
both parameters orrelate [5, 6℄. A variety of ombina-
tions have shown us that only a onsiderable restrited
hoie of parameter ombinations is possible in order to
reprodue phenomenologial meaningful quantities. The
γ parameter annot be related to symmetri nulear mat-
ter saturation properties as it relates to the ρ meson and
onsequently to the isospin asymmetry.
Depending on the density, the onstituent partiles of
the system hange. The hyperons deay into other hy-
perons so that baryon number onservation and hemial
equilibrium have to be taken into aount. Note, that
the hemial potential is the riterion whih indiates
the threshold where heavier baryons start to ontribute
to the hemial omposition of nulear matter. Further
harge neutrality shall hold, aording to ndings in the
literature, that a spherially symmetri harged neutron
star is not stable [11℄. To solve the system analytially
and in a self-onsistent way the mean-eld approxima-
tion is used, sine for higher densities the utuations of
the meson elds are negligible (see for instane ref. [8℄).
III. COMPRESSIBILITY FUNCTION
The ompressibility funtion of the star as a funtion
of density is determined from its thermodynamial de-
nition (proportional to the derivative of pressure with re-
spet to volume) [5, 6℄ and written as the rst derivative
of pressure P (with respet to the total baryon density),
the seond derivative of the energy density ǫ, or using the
denition of baryon hemial potential µn = ∂ǫ/∂ρ:
K = 9
∂P
∂ρ
= 9ρ
∂2ǫ
∂ρ
= 9ρ
∂µn
∂ρ
, (5)
where µn is equal to the hemial potential for neutrons.
The hemial potential for dierent baryon speies an
be alulated from:
µB =
√
k2FB + (M
∗
B)
2 + (g∗ωB)0ω0 + (g
∗
ρB)0ρ03I3B . (6)
For eah density the hemial equilibrium equations de-
termine the hemial potential for eah speies whih de-
termines its Fermi energy. One the partile's hemial
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FIG. 1: Compressibility as a funtion of baryon density (a)
and mass of the star as a funtion of entral energy density
(b) for λ = 0 (Waleka model).
FIG. 2: Observed masses of known pulsars in units of solar
masses.
potential is less than the Fermi energy the system fa-
vors the presene of the respetive partile. Here the
hemial potential of eah speies is written as a fun-
tion of the eetive oupling strengths, and isospin is
expliitly inluded. Isospin eets and harge onserva-
tion together with the nontrivial response of the eetive
mass to the presene of the hadroni environment man-
ifest themselves in the phenomenon that hyperons om-
posing the star matter as a funtion of density do not
appear simply aording to their vauum mass hierar-
hy. Fig. 1 (a) shows this behavior in the ompressibility
funtion as a funtion of baryon density.
In agreement with relativisti formulations this model
respets the ausal limit ( i.e., the speed of sound in the
medium is smaller than the speed of light for any den-
sity), so from the relation of ompressibility and baryon
hemial potential the speed of sound in the medium is
(v
c
)2
=
K
9µn
, (7)
and the following inequality is established
K < 9µn. (8)
In Fig. 1 (a) this fat is indiated by the limiting dotted
line in the respetive plot of the ompressibility funtion.
IV. NEUTRON STARS
The equation of state obtained from the La-
grangian density (1) is then plugged into the Tolman-
Oppenheimer-Volko equation, whih adds gravitational
eets to nulear matter properties. For eah of the pa-
rameter sets, a family of neutron stars is obtained and
ompared with observational data. Then it is possible to
analyze the behavior of the γ parameter in the neutron
star mass and radius so that the best parameter set may
be hosen.
As an be seen in the Fig. 2, within the observa-
tional error bars the mass of almost all example pulsars
have a value approximately 1.4M⊙. However, lately pul-
sars with higher masses (the largest one with a mass of
2.1 ± 0.2M⊙) have been observed. Sine there is no ri-
terion as to whih model (QHD, quark matter or others)
is the most adequate starting point in order to derive the
equation of state, we do not onsider the largest possible
mass as a relevant referene for the present model and
fous on nding the model that agrees with nulear phe-
nomenology and predit the largest possible neutron star
mass (∼ 1.5M⊙). The radius of the model stars range
between 10 km and 14 km, whih beause of unertain-
ties in obtaining stringent values from observation, does
not permit to put further onstraints on the parameters.
The model with all the parameters equal to zero, whih
orresponds to the Waleka model extended by the inlu-
sion of hyperons from the baryon otet and the meson ρ
predits a larger maximum mass 1.9M⊙ (Fig. 1 (b)) but
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FIG. 3: Compressibility as a funtion of baryon density (a)
and mass of the star as a funtion of entral energy density
(b) for λ→∞.
suers a drawbak beause of a onsiderable small ef-
fetive mass M∗ ∼ 0.5M and an amplied ompression
modulus K ∼ 500MeV .
An inrease in λ, while keeping β e γ equal to zero, de-
reases the ompressibility funtion (Fig. 3 (a)) beause
the star an only support a lower mass against gravity
(Fig. 3 (b)). This behavior happens for values λ < 1.75.
After that, the system saturates, meaning that it does
no respond to further hanges in the parameter. The
range with aeptable nulear phenomenology is between
0.06 < λ < 0.19 and orresponds to maximum mass from
1.46 to 1.22 solar masses.
Upon inreasing λ and β together, keeping γ equal to
zero, the ompressibility funtion (Fig. 4 (a)) and the
neutron star mass (Fig. 4 (b)) derease. A variety of
ombinations for λ and β (not shown in this artile, but
elsewhere [6℄) have shown us that β and λ have a similar
eet on the marosopi properties, but an inrease in
β shifts the onset of saturation towards larger values for
λ, whih saturates for λ > 16 and β > 10. The range
with aeptable nulear phenomenology ranges between
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FIG. 4: Compressibility as a funtion of baryon density (a)
and mass of the star as a funtion of entral energy density
(b) for λ, β →∞.
0.00 < λ < 20.22 and 0.00 < β < 1.35.
As the third option a variation of γ, whih tunes the
isospin ontribution in nulear matter, also (slightly)
modies the ompressibility funtion (Fig. 5 (a)) and
neutron star mass (Fig. 5 (b)), respetively. Depending
on the isospin sign of the partile (for example positive
for proton and negative for neutron), the ontribution of
the term related to γ an be positive or negative making
the net eet small in omparison with λ and β ontri-
butions.
V. CONCLUSION
In the present artile we alulated the density depen-
dent ompressibility funtion for a generalized model for
nulear matter. Usually, ompressibility is determined
only at saturation density, however, in order to hara-
terize states in the nal phase of a neutron star evolu-
tion, where quasi equilibrium onditions are enountered,
a large density range for the ompressibility gives details
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FIG. 5: Compressibility as a funtion of baryon density (a)
and mass of the star as a funtion of entral energy density
(b) for λ, β, γ →∞ (exponential model).
relevant for possible proesses.
With inreasing density, hyperons ome into play and
soften the equation of state. The ouplings have shown
to be of ruial inuene in the onditions whih deter-
mine the sequene in whih hyperons appear. Beause
the present model mimis medium eets by the depen-
dene of the ouplings on the sigma eld, this nonlin-
earity is responsible for the relevant hyperon hierarhy,
whih does not reet the sequene of threshold by sim-
ply onsidering the masses.
Among the variety of possible models, the one in agree-
ment with nulear phenomenology and astrophysial ob-
servation is dened by the parameter set λ = 0.06,
β = 0.00 and γ = −1.00. This model has an ee-
tive nuleon mass of 0.7MN , a ompression modulus of
257.2MeV (for omparison see refs. [12, 13, 14℄) and
a maximum neutron star mass of 1.48M⊙ as shown in
Fig. 6. This hoie allow us to alibrate the model that
an now be used, in a seond step, to alulate many
other neutron star properties suh as radius, redshift,
maximum rotational frequeny, moment of inertia, ool-
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FIG. 6: Compressibility as a funtion of baryon density (a)
and mass of the star as a funtion of entral energy density
(b) for λ = 0.06, β = 0, γ = −1.
ing properties, among others.
At rst sight the value of the maximum neutron star
mass does not inlude the largest observed masses. But
analyzing Fig. 2 one may reason that within the error
bars the masses of most of the pulsars are ompatible
with ∼ 1.4 solar masses. Stars with larger masses may
well ontain a new kind of matter, suh as quark matter,
quark hadron mixtures or other exoti phases [15, 16, 17,
18℄.
With the present work we established a model whih
is in agreement with nulear phenomenology and obser-
vational data. Using the maximum mass as a seletion
riterion, determined by varying the model parameters
λ, β and γ, we were able to predit a ompressibility of
K = 257, 2MeV from astrophysial arguments, in fairly
good agreement with the limits given by other analysis.
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